The voltammetric determination of metsulfuron-methyl, a type of pesticide, was investigated on a hanging mercury drop electrode using a differential pulse cathodic stripping voltammetry technique. The experimental parameters, such as the pH of the Britton-Robinson buffer, accumulation time, accumulation potential and initial potential were optimized for the metsulfuronmethyl determination. A well-defined reduction peak was observed at pH 2.0 to 4.0 in the potential range of −0.75 to −1.0 V. The pH of 2.0 was chosen as the optimum pH due to a good stripping signal of the reduction peak. There were no significant interfering ion effects on the electroanalysis of metsulfuron-methyl. The optimized parameters were then used to determine metsulfuron-methyl in the commercial pesticide Ally. The proposed method was highly sensitive due to the lower limit of determination (0.04 mg/L), being relatively selective, and consisting of good precision. The recovery values achieved were about 93% in water samples for this analysis.
Introduction
Pesticides play main role in agriculture as they are widely used in pest control so as to reduce yield loss and maintain the quality of products. The usage of pesticide has greatly increased worldwide during the last three decades. 1, 2) Almost all pesticides are toxic, which may lead to long-term adverse effects in the aquatic environment. 3, 4) These negative effects can be controlled by implementing "Good Agriculture Practices" to overcome the hazardous problems of pesticide usage. 5, 6) Metsulfuron-methyl (MSM; structure shown in Fig. 1 ) is a sulfonylurea herbicide in a small, white, granular form that can be used to kill broadleaf weeds and some annual grasses. [7] [8] [9] MSM can be utilized on various crops such as maize, wheat, rice, and soybeans. 7, 10) Additionally, MSM is highly mobile in soil and moderately persistent in water, though it can enter water sources from field drainage or runoff water. 7, 11) The degradation of MSM in soil is basically reliant on the soil pH, moisture content, and temperature. 11) MSM can be easily degraded in acidic media, as well as in soils with high moisture content and high temperature. 12) The available literature reports that numerous methods, such as chromatography, 7, [13] [14] [15] [16] capillary electrophoresis, 10, 17) and spectrophotometry, 18) have been used for the determination of MSM. However, these methods are usually costly, time-consuming, and tedious, and they consist of a sample pretreatment step. Currently, the application of voltammetric techniques is widespread in the study of pesticides 17, 19) due to their advantages, such as having a simple process, portability, and good sensitivity, as well as being less time-consuming and more cost-effective. Moreover, stripping voltammetry is a very sensitive technique for measuring trace level organics, including pesticides. 20) In the present study, a novel analytical method that is highly selective, sensitive and rapid for the determination of MSM was applied. The voltammetric behavior of MSM was examined using a hanging mercury drop electrode (HMDE), and the parameters that influenced the differential pulse cathodic stripping voltammetry (DPCSV) determination of MSM were optimized. Furthermore, the optimized parameters were applied for deter-mining the active ingredient (MSM) in the commercial product, Ally, as well as in water samples, which were taken from tap water and a drinking-water dispenser to ensure the reliability of the proposed method. This is the first report that has correlated the voltammetric studies of MSM on an HMDE using DPCSV. This technique was found to be suitable and sensitive in MSM analysis, which led to a lower limit of determination. From the recovery values that were obtained, it can be deduced that the DPCSV technique can be effectively applied for the determination of MSM in Ally and water samples.
Materials and Methods

Chemicals
Metsulfuron-methyl, C 14 H 15 N 5 O 6 S (99.2% purity) was purchased from Sigma-Aldrich (Seelze, Germany). The stock solution of MSM (191 mg/L) was prepared by dissolving 0.010 g of MSM in 50 mL of deionized water. Ally was obtained from the Malaysian Palm Oil Board (MPOB), Keratong Research Station, Pahang, Malaysia. A Britton-Robinson (BR) buffer (0.04 mol/L) was used as a supporting electrolyte and it was prepared by dissolving 2.47 g of boric acid, 2.3 mL of glacial acetic acid and 2.7 mL of orthophosphoric acid in 1000 mL of deionized water. The pH values (2.0 to 12.0) of the BR buffer solution were adjusted with hydrochloric acid (0.2 mol/L) or sodium hydroxide (0.2 mol/L). All solutions used in this study were prepared with water purified in a Millipore Milli-Q system (resistivity ≥18 MΩ cm). All working solutions were stored at 4°C.
Stripping procedure
Differential pulse voltammetry experiments were performed with a PGSTAT 30 Autolab Metrohm VA 663 stand (Netherlands). The voltammetric method was implemented using a three-electrode system. A hanging mercury drop working electrode, a platinum counter electrode, and a Ag/AgCl/KCl (3.0 mol/L) reference electrode were used in this study. A bench-top pH meter (CyberScan pH 500, Eutech Instruments (Netherlands)) was used for pH measurements. All preparations and measurements were performed at room temperature (25°C). The procedure to obtain the DPCSV curves was as follows: (i) the the blank solution was recorded after degassing the solution with a nitrogen flow in the voltammetric cell and stirring for 300 sec, and (ii) the sample aliquot was added to the voltammetric cell and degassed for 30 sec, and the voltammogram was recorded. Finally, the peak current of the sample solution was measured.
Metsulfuron-methyl determination in different samples
The determination of MSM was carried out for Ally, a known commercialized product, and for several water samples collected from tap water and a drinking-water dispenser at Universiti Teknologi Malaysia, Johor, Malaysia. The water samples were spiked with the appropriate amount of standard MSM. The procedure for the DPCSV determination of MSM in model samples was as follows: 18.0 mL of the model water sample was diluted to 20.0 mL with the BR buffer (pH 2.0), and after deaeration with nitrogen, the DPCSV voltammograms at the HMDE were recorded.
The recovery percentage of MSM in Ally and the spiked water samples was calculated using the following equation (Equation 1):
Results and Discussion
Effect of pH
Differential pulse voltammetric studies of MSM on an HMDE were carried out at various pH levels, ranging from 2.0 to 12.0. A well-defined reduction peak was observed, and the stripping signal showed a decrease as the pH was increased from 2.0 to 4.0, though it became unstable after pH 7.0. This instability may have been due to the hydrolysis of MSM at alkaline conditions, which could have caused the peak current to become unstable at a more basic condition. Fig. 2 shows the voltammetric behavior of MSM at pH 2.0 to 4.0. With the increase in pH value, the reduction peak also shifted toward a more negative potential due to the existence of a protonation reaction in the reduction mechanism of MSM. 21, 22) From Fig. 2 , pH 2.0 was chosen as the optimum pH for this voltammetric analysis due to the good stripping signal of MSM. Fig. 3 illustrates the DPCSV voltammogram recorded for MSM using an HMDE at the optimum pH.
It can be stated that the pH of the supporting electrolyte (0.04 mol/L, BR buffer) was one of the most important issues to be considered in the measurement of the voltammetric response. In general, the voltammetric behavior is controlled by the amount of electroactive species adsorbed on the HDME, which is influenced by the pH of the supporting electrolyte.
23)
Effect of operating parameters
In the voltammetric method, the accumulation of analyte on the electrode surface is a crucial phase to accomplish a greater sensitivity for quantitative studies. The experiments were performed for the accumulation potentials (E acc ) varying from 0.0 to −1.0 V to classify the electrostatic attraction or repulsion between the electrode surface and MSM. Fig. 4(a) represents the differential pulse voltammetric behaviors of 0.57 mg/L for MSM on the HMDE with different accumulation potentials at the optimum pH 2.0 of the BR buffer. From Fig. 4(a) , it can be observed that the cathodic peak current slowly increased until the E acc =−0.2 V and then it increased sharply until E acc =−0.5 V, after which it gradually decreased. The maximum peak current was found at E acc =−0.5 V for MSM on the HMDE, indicating maximum accumulation of MSM on the surface of HMDE at this potential. 24, 25) The effect of the initial potential, E i on MSM was inspected in a BR buffer at pH 2.0 by observing the effects of E i on the peak current. Fig. 4(b) shows the studies of MSM on an HMDE at different values of E i . The E i varied from 0.0 to −1.0, whereas the final potential, E f , remained constant at −1.4 V. For a good stripping voltammetric response of 0.57 mg/L MSM on the HMDE, an E i of −0.5 V was chosen for this study.
The optimum accumulation time, t acc of 1 to 250 sec was studied at E acc =−0.5 V and E i =−0.5 V for MSM. The peak current increased gradually up to t acc 30 sec and decreased after t acc 60 sec. An accumulation time of 30 sec was selected as the optimum time for stripping studies of MSM on an HMDE due to the maximum current signal, which may have occurred due to the maximum electrode surface coverage that transpired under these conditions. Fig. 4(c) depicts the interaction between the accumulation time and the peak current at the optimum accumulation potential and initial potential.
Influence of interfering ions on metsulfuron-methyl
The interference studies on the analytical peak of MSM were examined by spiking the BR buffer (pH 2.0) with excess amounts of several metal ions such as Cu 2+ , Cd 2+ , Fe 3+ , Pb 2+ and Zn 2+ , using the DPCSV technique under optimum conditions. The experiments were conducted separately for each metal and the concentrations of metal ions when spiked into the voltammetric cell were 0.1, 0.3, and 0.5 mg/L. The differential pulse voltammogram for MSM at the optimum condition is shown in Fig. 5 . It can be observed that no metal-pesticide interaction occurred as there were no significant changes in the initial peak current of MSM after the addition of metals (Cu 2+ , Cd 2+ , Fe 3+ , Pb 2+ , and Zn 2+ ). Fig. 6(A) and (B) shows the interference study of Pb 2+ with MSM, and it can be stated that Pb 2+ did not interfere with MSM. The same results were observed with the other selected metal ions, as shown in Fig. 6(C)-(F) . Theoretically, a new peak can be observed if any metal-MSM interactions occurred or if the initial peak current of MSM decreased or increased due to the formation of complex between metals and MSM. Hence, this interference study strongly suggests that none of the metals caused any significant interference in the MSM analysis. Fig. 7(A) shows the rise of a peak current along with the increasing concentration of MSM. The linear plot of the peak current versus the concentration of MSM is as illustrated in Fig. 7(B) . A summary of the analytical calibration plot for MSM using the DPCSV technique is shown in Table 1 . The correlation coefficient (R 2 ) for MSM was found to be 0.996, which indicated a good correlation.
Analytical characteristics of metsulfuron-methyl using the DPCSV technique The voltammogram in
Validation of the proposed method
The selectivity and applicability of the proposed electroanalytical method for the analysis of MSM were evaluated by determining its presence in Ally and in spiked water samples. The DPCSV technique was used for the quantitative determination of Ally. For this purpose, the standard addition method was used at the optimum condition of MSM in order to eliminate the matrix effect. In the present study, pH 2.0 of the BR buffer was chosen since this medium gave the highest cathodic peak with a maximal current. A cathodic peak was identified in this Ally studies using DPCSV technique as the active ingredient in the commercial pesticide was MSM. The accuracy of the pesticides was understood from the low relative standard deviation (RSD) values. Table 2 represents the recovery of MSM in Ally, where it was found to be around 88 to 93%, in which a very good repeatability was obtained (1.6%). Based on the data in Table 3 , it could be deduced that the DPCSV technique can be successfully applied for the determination of MSM in water samples. The proposed method using an HMDE can determine the amount of MSM at lower concentration levels. Notably, the sensitivity of the HMDE in the pesticide analysis was also better in the practical process of analysis. Moreover, this method is simple and fast as compared to other voltammetric methods using modified electrodes. 8, 26, 27) 
Conclusions
The pesticide MSM was successfully determined using DPCSV with an HMDE as the working electrode. The DPCSV technique is highly sensitive and, in this study, the voltammogram of MSM showed a well-defined single reduction peak, which reached its maximum peak height at pH 2.0. In this condition, the limit of determination of MSM was 0.04 mg/L. This technique can be effectively applied for the determination of MSM in Ally and water samples. 
